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Introduction
With tightening budgets and increasingly critical reviews of public expenditure, there is a need for a careful analysis of the performance of public bodies in terms of an efficient execution of their tasks. These questions show up everywhere in the public domain, for instance, in the provision of medical facilities, the operation of postal services, or the supply of public transport.
A standard tool to judge the efficiency of such agencies is Data Envelopment Analysis (DEA). DEA has gained much importance in economic performance studies. Seiford (2005) mentions some 2800 published articles on DEA. This large number of studies shows that comparative efficiency analysis has become an important topic in both the private and public sector. DEA was developed to analyze the relative efficiency of agents or decision makers, in general, Decision Making Unit (DMU), by constructing a piecewise linear production frontier, and projecting the performance of each DMU onto the frontier. A DMU that is located on the frontier is efficient, while a DMU that is not on the frontier is inefficient. An inefficient DMU can become efficient by reducing its inputs or increasing its outputs. In the standard DEA approach, this is achieved by a uniform reduction in all inputs (or a uniform increase in all outputs). But in principle, there are an infinite number of improvements to reach the efficient frontier, and hence there are many solutions for a DMU to enhance efficiency. The existence of an infinite number of solutions to reach the efficient frontier has led to a stream of literature on the integration of DEA and Multiple Objective Linear Programming (MOLP), which was initiated by Golany (1988) . Suzuki and Nijkamp (2007a , 2007b , and 2007c ) proposed a Distance Friction Minimization (DFM) model that is based on a generalized distance friction function and serves to improve the performance of a DMU by identifying the most appropriate movement towards the efficiency frontier surface. This approach may address both an input reduction and an output increase as a strategy of a DMU. A suitable form of multidimensional projection functions is given by a Multiple Objective Quadratic Programming (MOQP) model using a Euclidean distance. A general efficiency-improving projection model including a DFM model is able to calculate either an optimal input reduction value or an output increase value to reach an efficient score of 1.0, even though in reality this may be hard to achieve.
It is noteworthy that Seiford and Zhu (2003) developed a gradual improvement model for an inefficient DMU. This 'Context-Dependent (CD)' DEA has an important merit, as it aims to reach a stepwise improvement through successive levels towards the efficiency frontier. The CD model will be used as an ingredient in the DFM model. This paper will first design a new integrated DEA tool emerging from a blend of the DFM and CD model, namely a Stepwise DFM model, in order to design a stepwise efficiency-improving projection model for a conventional DEA. The above-mentioned stepwise-projection model is illustrated on the basis of an application to the efficiency analysis of public transport operations in Japan.
Efficiency Improvement Projection in DEA: the Standard Approach
The standard Charnes et al. (1978) model (abbreviated hereafter as the CCR-input model) for a given DMU j to be evaluated in any trial o (where o ranges over 1, 2 …, J) may be represented as the following fractional programming (FP o ) problem:
where θ represents an objective variable function (efficiency score); x mj is the volume of input m (m=1,…, M) for DMU j (j=1,…,J); y sj is the output s (s=1,…,S) of DMU j; and v m and u s are the weights given to input m and output s, respectively. Model (2.1) is often called an input-oriented CCR model, while its reciprocal (i.e. an interchange of the numerator and denominator in objective function (2.1), with a specification as a minimization problem under an appropriate adjustment of the constraints) is usually known as an output-oriented CCR model. Model (2.1) is obviously a fractional programming model, which may be solved stepwise by first assigning an arbitrary value to the denominator in (2.1), and then maximizing the numerator. 
The Distance Friction Minimization (DFM) Approach
As mentioned, the efficiency improvement solution in the original CCR-input model requires that the input values are reduced radially by a uniform ratio ( =OD'/OD in Figure The (v * , u * ) values obtained as an optimal solution for formula (2.1) result in a set of optimal weights for DMU o .
As mentioned earlier, (v * , u * ) is the set of most favourable weights for DMU o , in the sense of maximizing the ratio scale. v m * is the optimal weight for the input item m, and its magnitude expresses how much in relative terms the item is contributing to efficiency. Similarly, u s * does the same for the output item s. These values show not only which items contribute to the performance of DMU o , but also to what extent they do so. In other words, it is possible to express the distance frictions (or alternatively, the potential increases) in improvement projections.
In this study, we use the optimal weights u s * and v m * from (2.1), and then describe next efficiency improvement projection model. A visual presentation of this new approach is given in Figures 2 and 3 .
In this approach a generalized distance friction is deployed to assist a DMU in improving its efficiency by a movement towards the efficiency frontier surface. The direction of efficiency improvement depends of course on the input/output data characteristics of the DMU. It is now appropriate to define the projection functions for the minimization of distance friction by using a Euclidean distance in weighted spaces. As mentioned, a suitable form of multidimensional projection functions that serves to improve efficiency is given by a MOQP model which aims to minimize the aggregated input reduction frictions, as well as the aggregated output increase frictions. Thus, the DFM approach can generate a new contribution to efficiency enhancement problems in decision analysis, by deploying a weighted Euclidean projection function, and at the same time it may address both input reduction and output increase. The details of this approach have been outlined elsewhere (see Suzuki et al. 1997a, b, c) . Here we will only describe the various steps concisely.
First, specify the distance friction function Fr x and Fr y by means of (3.1) and (3.2), which are defined by the Euclidean distance shown in Figures 2 and 3. Next, solve the following MOQP by using (a reduction of distance for x io ) and (an increase of distance for y so ) as minimands in an L 2 metric: 
where is the amount of input item m for any arbitrary inefficient be the set of all J DMUs. We interactively define where
is the optimal value by using formula (2.2).
When l = 1, it becomes the original CCR model and the DMUs in set E1 define the first-level efficient frontier. When l = 2, it gives the second-level efficient frontier after the exclusion of the first-level efficient DMUs. And so on. In this manner, we identify several levels of efficient frontiers.
We call El the lth-level efficient frontier. The following algorithm accomplishes the identification of these efficient frontiers.
Step 1: Set l = 1. Evaluate the entire set of DMUs, J1,. We obtain then the first-level efficient DMUs for set E1 (the first-level efficient frontier).
Step 2: Exclude the efficient DMUs from future DEA runs.
(If , then stop.)
Step 3: Evaluate the new subset of "inefficient" DMUs. We obtain then a new set of efficient DMUs 1 + l E (the new efficient frontier).
Step 4: Let l = l + 1. Go to step 2.
Stopping rule:
, the algorithm is terminated. 
Stepwise-DFM Model in DEA
This section is devoted to an integration of CD and DFM models. We propose a Stepwise DFM model that is integrated with a DFM and CD model.
Any efficiency-improving projection model which includes the standard CCR projection supplemented with the DFM-projection is always directed towards achieving "full efficiency". This strict condition may not always be easy to achieve in reality. Therefore, in this section we will develop a new efficiency improving projection model, which aims to integrate with CD model and DFM approach, the "Stepwise Distance Friction Minimization" (Stepwise DFM hereafter) model. It can yield a stepwise efficiency improving projection that depends on l -level efficient frontiers (l-level DFM projection), as shown in Figure 6 .
For example, a second-level DFM projection for DMU10 (D10) aims to position DMU10 on a second-level efficient frontier. And a first-level DFM projection is just equal to a DFM projection (3.1)-(3.7). We notice here that the second-level DFM projection is easier to achieve than a first-level DFM projection. A stepwise-DFM model can yield a more practical and realistic efficiency improving projection than a CCR Projection or a DFM Projection.
The advantage of the Stepwise DFM model is also that it yields an outcome on a l-level efficient frontier that is as close as possible to the DMU's input and output profile (see Figure 6 ). 
Database and analysis framework
In our empirical work, we use input and output data for a set of 9 urban transportation authorities and 16 major private railway companies in Japan. The DMUs used in our analysis are listed in Table 1 . In this study we use the following inputs and outputs:
• Input:
(I) Operating cost (in 2007);
(I) Railway business property (in 2007);
• Output:
(O) Operating revenues (in 2007);
All data were obtained from the "Railway annual statement 2007".
In our application, we first applied the standard CCR model, while next the results were used to determine the CCR and DFM projections. Additionally, we applied the CD model, and then the results were used to determine the CD and Stepwise DFM projections. Finally, these various results were mutually compared. The steps followed in our analysis are presented in Figure 7 . 
Efficiency evaluation based on the CCR model
The efficiency evaluation results for the 25 public transport corporations based on the CCR model is given in Figure 8 . From Figure 8 , it can be seen that Keio and Tokyometro are efficiently-operating corporations. On the other hand, Kyoto has a low efficiency (i.e., an efficiency score around 50 per cent). Furthermore, Kobe and Fukuoka also has a low efficiency.
It is noteworthy that the average efficiency level of urban transportation authorities is relatively low compared to major private railway companies. It is considered that apparently transportation authorities have still much room for further efficiently-enhancing strategies. Figure 8 Efficiency score based on the CCR model
Direct efficiency improvement projection based on the CCR and DFM models
The direct efficiency improvement projection results based on the CCR and DFM model for inefficient public transport corporations are presented in Table 2 .
In Table 2 , it appears that the empirical ratios of change in the DFM projection are smaller than those in the CCR projection, as was expected. In Table 2 , this particularly applies to Seibu, Tokyu, Keikyu, Hanshin and Nishitetsu, which are apparently non-slack type (i.e. s -** and s +** are zero) corporations.
The DFM projection involves both input reduction and output increase, and, clearly, the DFM projection does not involve a uniform ratio, because this model looks for the optimal input reduction (i.e., the shortest distance to the frontier, or distance friction minimization). For instance, the CCR projection shows that Seibu should reduce the Operating cost and the Railway business property by 10.34 per cent in order to become efficient. On the other hand, the DFM results show that a reduction in Railway business property of 9.96 per cent and an increase in the Operating revenues of 5.45 per cent are required to become efficient. Apart from the practicality of such a solution, the models show clearly that a different -and perhaps more efficient -solution is available than the standard CCR projection to reach the efficiency frontier. 
Stepwise efficiency improvement projection based on the CD and Stepwise DFM models
The efficiency improvement projection results for the nearest upper level efficient frontier based on the CD and Stepwise-DFM model for inefficient public transport corporation are presented in Table 3 .
In Table 3 , it appears that the ratios of change in the Stepwise DFM projection are smaller than those in the CD projection, as was expected. In Table 3 , this particularly applies to Tobu, Seibu, Keisei, Odakyu, Tokyu, Keikyu, Meitetsu, Nankai, Heihan, Hanshin, Nishitetsu, Sapporo, Nagoya, and Kyoto, which are non-slack type (i.e. s -** and s +** are zero) corporations. Apart from the practicality of such a solution, the models show clearly that a different -and perhaps more efficient -solution is available than the CD projection to reach the efficiency frontier. The Stepwise-DFM model is able to present a more realistic efficiency-improvement plan, which we compared with the results of Tables 2 and 3 . For instance, the DFM results in Table 2 Table 3 show that a reduction in Operating cost of 3.98 per cent and Railway business property of 34.97 per cent, and an increase in the Operating revenues of 3.98 per cent are required to become efficient. The Stepwise DFM model provides the policy decision-maker with practical and transparent solutions that are available in the DFM projection to reach the nearest upper level efficiency frontier.
Finally, the stepwise efficiency improvement projection results for all level efficient frontiers of Kyoto (last efficiency level DMU; E11) based on the CD and Stepwise-DFM model are presented in Table 4 , while a comparative result of the stepwise DFM model for Kyoto is presented in Figure 9 . The findings from Figure 9 illustrate, for instance, that, if the Kyoto city wishes to implement an efficiency improvement plan with a E10 level, only a reduction in the operating cost of 18.45 per cent and an increase in operating revenue of 14.07 per cent are required, while then the efficiency level improves to the E10 level efficient frontier.
These results offer a meaningful contribution to decision support and planning for the efficiency improvement of public transport operations. In conclusion, this Stepwise DFM model may become a policy vehicle that may have great added value for decision making and planning of both public and private actors.
Conclusion
In this paper we have presented a new methodology, the Stepwise DFM model, which is integrated with a DFM and CD model. This new methodology does not require a uniform reduction of all inputs, as in the standard model. Instead, the new method minimizes the distance friction for each input and output separately. As a result, the reductions in inputs and increases in outputs do necessarily reach an efficiency frontier that is smaller than in the standard model. This offers more flexibility for the operational management of an organization. In addition, the stepwise projection allows DMUs to include various levels of ambition regarding the ultimate performance in their strategic judgment. In conclusion, our Stepwise DFM model is able to present a more realistic efficiency-improvement plan, and may thus provide a meaningful contribution to decision making and planning for efficiency improvement of relevant agents.
